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SuMyAnY

A previous experimental study of the favorable
effect of mess injection into & hypersonic separated laminar
flow ou pressure ond hee “.wencfer distributions at reattache
ment has been extunded to include the influence of a small

incldence of tne nodel,

Yeasurenents were nade at M = 5,3 on & circular
coue with an anrcular cavity, into wkich eir wos injected
at rates up to approximately helf the bouncary layer mass
flow at separation, Incidence wes varied by half-degree

steps in the renze zero to two degrees,

The reattaechnent pressure and heot transfer peaks
increased on the windwar{ side with incidence and more
nass injection was required to maintain them below a given
level, The relative locations of these peaks were inverse

at zero and two degrees incidence.
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LISY OF SYMBOLS

mass injection ratio defined in section 3
cavity width defined in, figure 1
wall static pressure

cone pressure at zero incidence defined by
formula (1)

average cone pressure measured in e test series
vall heat flux

computed heat flux on & cone gt zero incidenée
boundary layer mass flow computed at separation

velocity of air in inviscid flow over a circular
cone

surface distancde defined in figure 1
location of pressure or heat transfer peaks
incidence

dengity of air in inviscid flow over a circular
cone

azimutal angle 6 = 0 windward side
6 = 180 1leevard side




1, INTRODUCTION

For & number of years, it has ucen known that the
presence of a cavity in the surfacce of e hypersonic boay gives
risc to a significant redistribution of surfeace pressure and
heat transfer to the body (refs .1, 2,3), Specifically, these
quantities are reduceé¢ in the region of seperated flow but
experience a sharp rise within the vicinity of reettachnent,
followed by a decrease toward the undisturbed values in the
downstream area, For practical applications, the primary
undesirable feature of this phenonenon 3s the elevatcd pres-
sure end heat transfer at reattachmert, This fact justities
further research into methods of substantially reducing these

peak values,

It hes been previously theoretically predicted and
experinentally verified that injection of & small amount of
gas (a fraction of the mass flow in the boundary layer at
separation is sufficient) into the separated region accome
plishes this result (refs, 1, 4, 5, 6, 7).

The investigation of reference 6 was directed toward
provision of deteiled stutic pressure and hcat transfer distri-
butions over the catire surface of cone-cavity models with and
without air injection into the cavity at a free streanm lach
nunder of $,3. Enphasis was given to the reattachment region
by u~ing @ cavity wvith & rounded reattaclment shoulder, &s
oppcsed to Nicoll's cavity (3 to 5) wvhich had 90° sharp coruers,

This work ves extended in reference 7 to foreign
gas injection. Light geses (helium and hydrogen) vere found
to be substantially mcre effective in reducing pressure and
heat transfor pcaks than air and much more so than heavy
gases (freon and carbon tetrachloride vapor).

The purpose of the present study is to further
extend this rescarch to include the effect of a small incidence

of the conc cavity model on the effect of air injection.




2¢ EXPERIMUITAL EARUIFHTLIT AND W ot% 0HCilit LS

2.1 ¥Wind tunnel

All experiments were conducted in the VLI hyjersoric
blowdown tuniel H=1 at a free strcaun iech number of 5,3, Tne
size of the test section is 12x12 c¢n?, giving & uniform flow
with + % percent varistion in linch rnumsber, The stipnation
icrnperature was about 220°C, “he stagration pressure wes of
about 15.L kg!cmz, correcponding to & frec strecn Reynolds

nunber of 1.65%x10% per centimeter,
2.2 Hodels

The basic model configuration is & 10° semie-afpex
angle cone incorporating.an annular cavity of the shorte~decy
type. Dimensions and details of the loceticn of pressure ters
and thermocouples are shown in figures la and lb, Sepsarate

nodels were used for pressure and heat traunsfer nessurenents,

The injected air entered the cavity tangentially
to the floor from an annular port (1 mm wide) located at the
base of the reattachment shoulder, The deteiled description
of the injection plant is given in reference 7,

2,3 Model eadjustment

At incidence, the 1lov over the ~odel is no longer
axisynmetric and it is desirable to obtain static pressurz
and heat transfer distritutions along various generators of
the model; #ay on the vindvard side (0 » 0), at 0 = 4S5° and
90° and on the leevard side (6 = 180°),

On the present models, pressurce teps and therro-
couples arec staggerea on doth sides of a single generator
(see figurecs la ana lb), It vas thus poscidble to obtuin the
desired information by rotating the mccecl arcund its axis

of synsetry by 45, 90 and 180 degrees; corrcctions being




-3 =

viede in coch case (Ly data interpolation) Lo allow for the
smell stegger (¢ = + 1> .eg. naximun) or the preccure taps

and thermoccouples,

The main prodlem coisisted ¢f cerrectly defining
the zero incidence of the mouel) because of the great sensie-
tivity of iLke pressurc end heat transfer distributions in the

reattschment region ofi the flow to & snell angle of attack,

It was snlved by the use of four pressure taps
spaced by 99° and located in & cross planc at scme distance
downstream of *he cavity (pg,23¢s P150s r270)s 3y roteting
each of the models -~round its sxis, the streamwise pressure
and heat transfer aistributicns wvere successively measured
at 0 = 0, 90, 180 end 270 degrees, each tine adjusting the
incidence and yaw of the model so that Ap = pjgg - po = C
and Ap = pyyg = Pag ¥ 0..From these, mean streanvise pressure
and heat transfer distributions were selected that were used
as standard refererces for zero incidence adjustment in all
the subsequent tests, In other words, in each of these testis
the nodel was sdjusted in incidence so that the necasured
piressure o heat transfer distribution was identical {espe=-
cially its peak velue) to the standard one in the absence of
gas injectior into the cavity. Model incidence was then veried

by 30' increments in the range O to 2 degrees,

2.4 Test technicues anc¢ datas reduction

The test techniguecs are the same as described in
reference 7. Pressure distvivwutions were obtained with the
aid of l2-tube rotary valves, & differential transducer and
a digital printer, lieat transfes rates were measured uging a

thin skin technique and a l2-chsnnel galvenometric recorder,

In the rresent rerport, all the pressure deta is
raeferenced to Pc vhich 1s the cone pressure (measureca unstreen
of the cavity) at zero ineidence {a = 0), corrected in each

test accoroing to the formuls




l‘c(“so) -
p (a=0) ¥ ~~eee p (a=0) (1)
¢ rla,e) ¢

where (a=0) and p (as®) ware the average velues of p (4=0)
¢ “e € Pe

and pc(u,ﬁ) neasureud at different injection retes in o test

series, either at a = 0 or for given values of a and 0,

The hesail trenslfar data (q) is nornclized with the
heat flux (qc) cornpruied on & pure cone at zero incidence, at
the seme distance !rom the nose, for the stugnation condi-
tions measured durinyg each test, essuning laminar flov &nd a

recovery factor of 0,85,




3+ REGULTS AND DISCUSSION

The pressure and heat flux ratios (éL and <~) are
e e
shown in figures 2.1 to 2,17 and 3,1 to 3,17 versus x/L, for

different injections rates cq. For each incidence a of the
nodel, the measurcments were made at four different locuations
(6 = 0,45,90 und 180 degrees) around the model,

In these figures, x is the surface distance measured
along a model generator with its origin at the junction of
the reattachment shoulder and the aftercone, as shown in
figure 1, L is the cavity width as defined in figures la and
ib; L = 12 mnm was used in figures 2 and 3, Cy is the ratio
of injected mass flow to the boundary layer mass flow QBL
computed at separation on the model at zero incidence, QBL
was of the order of 22 liters/minute, based on standard
conditions (see ref, 7). One will note that different verti-

cal scales are used in these figures,

The symbol TH indicates the asymptotic value of

§L or < that is theoretically reached on the aftercone at
c c
dovnstream infinity, Flow tables for cones at incidence were

used to determine pTH and (pu)TH as a function of a and @
(ref. 8), (pu)TH
of the Stanton number valid for circular cones at zero inci=-

being used to compute Upg from an expression
dence .,

The cavity pressure ratio is shown on the left por=-
tion of figures 2,1 to 2,17. It is observed that this ratio
was not appreciably affected by model incidence, For zero
injection (cq = 0) for instance, it remained svproximately

equal to 0.9,

The effect of model incidence 'on the streamvwise
pressure and heat transfer distributions is rather obvious,
Both pressure and heat transfer ratios are increased with

incidence on the windward side (6 =.0) and at 8 = U45°, T ey




—()-

ure but little affected at 0 = 90° and ure decreased on tne

leeward sidge (6 = 180°),

It is interesting to note the forvara displaccunent
{decreasing x) of the pressure und hewt trensler jpeanks on the
windward side. of the model as the angle of stteck is increaseu, 3
Despite the uncertainty wvhich obviously exists in defining the
exact location of these peaks, it neverthcless wuppears thet
the location of the heat transfer peek noved faster than lle

pressure peak location. At zero incidence (=) is jocuted
‘C meX
slightly downstrean of (—=) while at « = =29, (+--)
¢ max? : 9e nex
has moved slightly upstream of (L) s Utis is shewn in the
. c max
sketch where the location (%) of the peaks ir plotted versus

. . m E
the model incidence a, 3

0.2 .

wax. heat tronsfer

y
/ et
_ T Tad.. pressitre ‘

4:7’
*- o




Transition to turbulent flow appcuared sooner on
Lite lcevard side at incidercce than for a = 0, This is shown

in figures 2,1 end 3,16 by the more ve 3d increase of éL with
¢

Y3

ﬁ on the downslrcam rortion of t?e riodel at ¢ = 0.

The favorsble effcct of mass injection into the
cevity was similar Lo the cone observed in the previous study
(ref, 7) mede &t zero incidence, neaumely that the pressure
level and the heat trensfer rute werc decreased in the region
of flow reattachment, This is particularly so for the preséure
and heat trensfer peaks eos seen in figures 4,1 to W,b deducted
from figures 2 and 3. Because of the higher values of {hese
peaks on tue windvward sicde of the ncdel, larger nass injecw-
tion rates vere needed at incidence than for a = 0 to main-
tain the pressure and heat transfer ratios belovw specified
levels, liovever, these rates remained of the order or less
than the boundary layer mass flow at separetion (i.e., very
small for practical applicatione) in the range of incidence

which was considered in the present study.

The locetions of the pressure and heat transfer
peaks were differently affected by mass injection, At zero
incidence, the pressure peak remained fixed while the heat
transfer peak moved downstream (x increasing) as cq was ine-

creased. At incidence (a #.0), (&) moved downstream at
¢ max
0 = 0 and 06 = 45° and remained fixed at 6 = 90 by increasing

cq. At 0 = 180 the pressure peak was so faint that its loca=-
tion was difficult to define eccurately, At incidence (a # 0)

() noved downstream for all values of 6,
9% nax




L, ColOLUSIONS

The favorable c¢ffect of nuss Injeciien observed
previously on & cone-cavity rcdcl at zero Incidence ves
reconfirmed at snall anples cof atltecl, in ftuo range zoro
to two degrees, Pressure and heet transfer preurs at flovw
reettachnent could indeed be meinteined Lelow specified
levels by & small emount of air injectlon into the cuavity,
i.e., at rates of the order of the becundmry layer nas:y fleow

at separation.

The effect of incidence wvithout nass injection
was to increase tne pressure ocnd heat trans” . r pezks op
the windward side of the nodel and tc decresasc then on
the lecward side, The relative locutions of these pecis

vere inverse at zero and twvo degrecs incidence,
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